Aldose reductase was purified to electrophoretic homogeneity from porcine liver. The purified enzyme was a monomer of 36 kDa. The enzyme was strongly inhibited by Cu 2+ and Mg 2+ ions. Incubation of the enzyme with pyridoxal 5'-phosphate led to complete inhibition of enzymatic activity, suggesting that lysine residue is involved at or near the active site of the enzyme. The enzyme exhibited a broad substrate specificity. Furthermore, the enzyme was capable of decolorizing Alizarin, an anthraquinone dye.
INTRODUCTION
Aldose reductases (alditol : NAD(P) + oxidoreductase, EC 1.1.1. 21) are widely distributed in man and animals, yeasts, filamentous fungi, and other microorganisms (1) (2) (3) (4) (5) (6) . Aldose reductase catalyzes the reduction of a wide range of aldehydes, including aldoses to the corresponding alcohols (7) . The enzyme has been thought to be involved in the detoxification of reactive compounds in the liver and the brain, both endogenous and xenobiotic aldehydes (8, 9) . Recently, mammalian aldose reductase has been studied extensively, probably due to its potential role in the development of diabetic complications such as retinopathy and neuropathy (10) (11) (12) .
Increasing amounts of synthetic dyes are being manufactured and consumed mainly in pulp and paper, textile and tannery industries. Textile, dyestuff and tannery industries also consume large quantities of water, and release large volumes of colored effluents. These industrial effluents often contain residual dyes which affect water quality and are therefore a source of considerable color pollution (13) (14) (15) (16) . The discharge of industrial colorants into the environment has become one of the major environmental concerns in wastewater treatment.
Color in dye and textile effluents needs to be treated before discharge, and decolorization of textile dye wastewater has recently become one of major scientific interest (17) (18) (19) .
Among the important chemical chromophores of dye classes, the most common are the anthraquinone and azo chromophores. Textile and tannery dyestuffs are difficult to decolorize due to their stability, complex structure and recalcitrant nature. In particular, anthraquinone dyes are the most difficult to decolorize, due to their fused aromatic structure (20, 21) . Some physicochemical methods such as adsorption, ion-exchange, electrochemical oxidation and coagulation/ precipitation are available for the decolorization of dye-containing effluents. However, these methods have some drawbacks, such as the significant amounts of sludge that is generated, the high operation costs, the complex processes and the secondary pollution caused.
Problem with sludge disposal, high costs, or longer contact times has restricted their widespread acceptance. Thus, search for an alternative treatment technology that is eco-friendly, cost-effective, and simple has been performed (22) . Bioremediation is an environmentallyfriendly technology and appears to be a highly attractive option. Enzymes produced by microorganisms, plants, and animals could be used in bioremediation, and enzymatic process requires shorter contact times (23) (24) (25) .
Aldose reductase has been extensively studied for a potential role in the development of secondary diabetes complications (26) . However, there are few reports on the color removal potential of aldose reductase.
In our laboratory, aldose reductase was purified and examined for its ability to remove color. Purified aldose reductase rapidly and efficiently decolourized Alizarin, an anthraquinone dye. In this study, purification and properties of aldose reductase, and the color removal of Alizarin by purified aldose reductase are described. N-bromosuccinimide, NADH, NADPH, pyridoxal 5'-phosphate, DEAE-sepharose, bromophenol blue, molecular weight standard, N,N'-methylenebisacrylamide, Coomassie brilliant blue R-250, bovine serum albumin, Sephacryl, lauryl sulfate were obtained from Sigma (St. Louis, USA). Coomassie brilliant blue G-250 was from Bio-rad (Richmond, USA). Centriprep-10 concentrator was obtained from Amicon (Beverly, USA). All other chemicals were of the highest purity grade commercially available.
MATERIALS AND METHODS

Chemicals
Protein determination and electrophoresis
Protein concentration was determined according to the method of Bradford (27) , using bovine serum albumin as the standard. The protein content in fractions collected during each chromatographic procedure was determined by absorbance at 280 nm. Polyacrylamide gel electrophoresis was carried out according to the procedure described by Laemmli (28) .
The gels were stained with Coomassie brilliant blue R-250.
Activity measurement
Standard reaction mixtures consisted of 90 mM sodium phosphate buffer (pH 7.0), 10 mM glucose, 150 μM NAD(P)H and enzyme. Reactions were initiated by the addition of the enzyme. The decrease in absorbance at 340 nm due to NAD(P)H oxidation was monitored spectrophotometrically. Conditions for the specific reactions are presented in the related table or figure legends. One unit of enzyme was defined as the amount that catalyzed the oxidation of 1 μmol of NADH per min.
Enzyme purification
All subsequent steps were carried out at 4 o C unless otherwise indicated. The aldose reductase was purified to electrophoretic homogeneity from porcine liver. Porcine liver was homogenized in 20 mM sodium phosphate buffer, pH 7.0. The homogenate was centrifuged at 15,000 × g for 30 min and the supernatant was subjected to fractional precipitation. The extract was brought to 40% saturation by slowly adding ammonium sulfate. The suspension was stirred for additional 1h and then centrifuged at 12,000 × g for 20 min at 4 o C. The supernatant was decanted and adjusted to 75% saturation by adding ammonium sulfate, and centrifuged as before. The pellet was then resuspended in a minimum volume of 20 mM Tris-HCl buffer, pH 7.5, and dialyzed against the same buffer. After centrifugation, the sample was applied to a column of DEAE-Sepharose resin, which was previously equilibrated with 20 mM Tris-HCl buffer, pH 7.5. The column was washed with the same buffer and then aldose reductase was eluted from the column with a linear gradient of 0～0.5 M NaCl in the same buffer. Fractions were assayed for protein concentration and reductase activities as indicated. The active fractions were pooled, concentrated, and then applied to a Sephacryl S-200-HR column equilibrated with 20 mM Tris-HCl buffer, pH 7.5. Proteins were eluted, and the active fractions were pooled and used for further study.
Spectroscopy and kinetics
UV-visible spectroscopy was performed using a Shimadzu Model 3100 UV-NIR Spectrophotometer. Kinetic constants were determined by monitoring the disappearance of NADH at 340 nm.
Estimation of molecular weight by size exclusion chromatography
Molecular weight of the enzyme was determined by size exclusion chromatography. A Sephacryl S-200 column was standardized with the following proteins ; β-amylase (200 kDa), alcohol dehydrogenase (150 kDa), carbonic anhydrase (29 kDa) and cytochrome C (12.4 kDa), and void volume of the column was determined using blue dextran.
RESULTS AND DISCUSSION
Aldose reductase was purified to electrophoretic homogeneity from porcine liver by a combination of ammonium sulfate fractionation, ion-exchange and gel permeation chromatographies. Details of the purification procedure have been described under Materials and Methods. On polyacrylamide gel electrophoresis, the purified aldose reductase revealed a single band, and the molecular mass of the enzyme was estimated to be 36 kDa by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) with standard protein markers (Fig. 1) . To determine its native molecular mass by gel filtration, the purified enzyme was applied to a Sephacryl S-200 column. Aldose reductase eluted from this column as a peak corresponding to 36.3 kDa. The subunit molecular weight was estimated by SDS-PAGE to be 36 kDa (Fig. 1) . These data suggest that the enzyme is monomeric. In contrast, Mayr et al. (29) have isolated a Candida intermedia aldose reductase that is apparently composed of two subunits; a dimer with a subunit molecular mass of 36 kDa.
The effects of various metal ions on the aldose reductase activity were also examined.
Mi Jang and Kyungsoon Kim 1 mM concentrations of CuCl 2 and MgCl 2 inhibited the enzyme 100% and 94%, respectively, whereas the enzyme was not inhibited by ZnCl 2 (data not shown). To examine the amino acid residues at or near the active sites of the enzyme, the residual activity was determined after incubation with the group-specific potential inactivators.
Incubation of the enzyme with 1 mM pyridoxal 5'-phosphate led to 100% inhibition (Table 1) . Even when the enzyme was incubated with 100 μM pyridoxal 5'-phosphate, the enzyme was completely inhibited. Accordingly, these results suggest that a lysine residue is involved at or near the active sites of the enzyme.
Several different electron acceptors were tested as substrates for the purified enzyme (Table 2 ). In addition to the variety of aldoses and aldehydes, the enzyme was also capable of reducing some dyes, for example, Alizarin, an anthraquinone dye (Table 3 ). Fig. 2 shows the change of absorption spectra of Alizarin treated with porcine liver aldose reductase. After aldose reductase treatment, the intensity of the local maximum absorbance, corresponding to Alizarin, was almost completely 
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The reaction mixture consisted of 100 μM of the indicated substrate, 200 μM NADH, 100 mM sodium phosphate buffer (pH 7.0) and the purified enzyme. decreased. The overall intensity in the visible range has also been decreased. This implies that the chemical structure of Alizarin is broken down by aldose reductase. Anthraquinone dyes have been used extensively in textile and dyestuff industries. Decolorization catalyzed by the enzyme is presently under investigation in our laboratory.
